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I. ABSTRACT
Millimeter wave (mmWave) communication is one of the most promising technologies in fifth generation
(5G) mobile networks due to its access to a large amount of available spectrum resources. Despite the
theoretical potential of a high data rate, there are still several key technical challenges with using mmWave
Dr. Zhijian Lin and Prof. Zhifeng Chen are with the Department of Electrical & Information Engineering, Fuzhou University, Fuzhou,
Fujian, 361000, China, (e-mail: zlin@fzu.edu.cn; zhifeng@ieee.org).
Prof. Xiaojiang Du is with the Department of Computer and Information Sciences, Temple University, Philadelphia, PA, 19122, USA,
(e-mail: dxj@ieee.org).
Prof. Bo Ai is with the State Key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University, Beijing, 100044, China,
(e-mail: boai@bjtu.edu.cn).
Prof. Hsiao-Hwa Chen is with the Department of Engineering Science, National Cheng Kung University, Tainan, 70101, Taiwan, (e-mail:
hshwchen@mail.ncku.edu.tw).
Prof. Dapeng Wu is with the Department of Electrical & Computer Engineering, Florida University, Florida, 32611-6130, USA, (e-mail:
dpwu@ieee.org).
2in mobile networks, such as severe pathloss, high penetration loss, narrow beamwidth, etc. Hence, accurate
and reliable knowledge of mmWave channel propagation characteristics is essential for developing 5G
wireless communication systems. In this article, the fundamental characteristics of mmWave are first
presented. Then, two main channel modeling methods are discussed. Finally, in order to investigate the
channel characteristics at the mmWave band, measurement campaigns using three different large-scale
array topologies are carried out and the typical channel parameters are extracted and analyzed.
II. INTRODUCTION
According to the estimate presented in [1], it is expected that as many as 50 billion devices will
be connected to each other around 2020. Mobile data traffic will increase up to 1000-fold over the next
decade, as predicted in [2]. With the explosive increase in mobile service and user demands, the increasing
number of connected devices will put significant pressure on the existing wireless communication systems.
In order to get these challenges under control, the wireless industry is moving toward its fifth generation
(5G) of cellular technology, which is expected to be deployed by 2020, to increase capacity and improve
energy efficiency, cost, as well as spectrum utilization. Since 2013, many national-level 5G research
organizations and projects have been created to achieve the technical targets. In 2015, the International
Telecommunications Union Radio Communications Sector (ITU-R) officially named 5G as IMT-2020,
and released recommendation on its framework and overall objectives.
With the maturing of 4G standardization and the ongoing worldwide deployment of 4G cellular net-
works, technological research on 5G networks has emerged in both academia and industrial communities.
What will the 5G networks look like? It is widely agreed that 5G networks can provide the following key
performance indicators: 10 Gbit/s peak data rate, 3x spectrum efficiency, 100x network energy efficiency,
and 1 ms over-the-air latency [3]. In order to achieve the magnificent objectives aforementioned, some
promising wireless technologies that can enable 5G wireless networks to fulfill performance requirements
should be developed. As shown in Figure 1, In-band full-duplex (IBFD), device-to-device (D2D) com-
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Fig. 1. Illustration of promising technologies in 5G networks.
munication, massive multiple-input multiple-output (MIMO), and millimeter wave (mmWave) are the key
ingredients contributing to the capacity increase of 5G [4].
It can be observed that the current cellular network mainly operates in frequency bands below 3 GHz,
and the total licensed spectrum used today is approximately 1 GHz. As most of the frequency bands
below 3GHz are occupied and the air-interface spectrum efficiency has been approaching its capacity
limit [5], the attention on acquiring new spectrum for 5G networks has shifted to frequency bands above
3 GHz. Among the promising technologies of 5G system, we know that a much higher data rate and
a much larger system capacity can be achieved by using mmWave. Hence, mmWave communication,
which can take advantage of a large amount of available bandwidth, is widely considered in 5G mobile
networks. Although the wireless and networking issues have been widely studied [6]–[11], most of the
existing channel characteristics and models are not feasible in the mmWave band due to the fact that
the channel propagation characteristics are different from those of frequency bands below 3 GHz. Hence,
fundamental knowledge of mmWave channel propagation characteristics, including accurate and reliable
channel models, is vital for developing 5G wireless communication systems. Over the past few years,
large efforts have been devoted to mmWave communications, where measurements and models of channels
4under various scenarios have been carried out by many companies and research groups [12]–[15]. In this
article, we mainly focus on presenting the channel modeling methods and measurement campaigns for
mmWave band.
The remainder of this article is organized as follows. The fundamental characteristics of mmWave
are discussed first, and the descriptions of channel modeling methods for mmWave band are provided.
Furthermore, a channel measurement campaign using three different massive MIMO array topologies are
presented. Finally, the article is concluded with a summary and a brief discussion of future work.
III. FUNDAMENTAL CHARACTERISTICS OF MMWAVE
MmWave communication, with wavelength on the order of millimeter, has several fundamental charac-
teristics, including a large amount of bandwidth, short wavelength, severe pathloss, high penetration loss,
narrow beamwidth, etc. In the following, we will give brief discussion about them.
A. LARGE AMOUNT OF BANDWIDTH
Currently, the total available bandwidth for mobile networks including 2G, 3G, and 4G is smaller than
780 MHz, which is not sufficient for high data rate requirements from various devices. Compared to the
traditional communication with microwave, one of the major benefits of mmWave communications is the
significantly larger bandwidth. Even though there are some unfavorable bands, such as 57-64 GHz and
164-200 GHz, which are easily absorbed by oxygen and water vapor, respectively, the suitable bandwidth
for mmWave communications can still be more than 150 GHz, and more than 150 Gbps can be achieved
on the whole spectrum.
B. SHORT WAVELENGTH
Compared to microwave signal, mmWave signal has much shorter wavelength, which is on the order
of millimeter. Hence, MIMO/massive MIMO is considered essential for mmWave communications, since
the short wavelength at mmWave frequencies is beneficial to fit large numbers of half-wavelength spaced
5antennas into a small area. A large-scale antenna system has the capability of greatly improving spectral
efficiency. The combination of mmWave and massive MIMO has the potential to dramatically improve
wireless access and throughput performance.
C. PROPAGATION LOSS
Generally, propagation loss can be interpreted as both pathloss and penetration loss. Under the assump-
tion of line-of-sight (LOS), the free space pathloss is proportional to the square of the carrier frequency
according to the Friis transmission formula. Since the frequency range of mmWave is from 26.5 GHz to 300
GHz, the propagation loss is much higher than that in the microwave band, for example, it is 28 dB higher
at 60 GHz than at 2.4 GHz [16]. However, a high-gain directional antenna can be applied to compensate
for the large propagation loss. Although tremendous pathloss is one of the disadvantages of mmWave,
the positive side is that the combination of mmWave with device-to-device (D2D) communication has
relatively low multi-user interference due to the high propagation loss and the utilization of directional
antennas. This combination can support huge amounts of concurrent D2D links, such that the network
capacity can be further improved. In addition, a higher security against eavesdropping and jamming can
be achieved.
In non-line-of-sight (NLOS) scenarios, the penetration loss is typically larger at higher frequencies. For
example, the attenuation is about 178 dB for a brick wall and 20 dB for a painted board at 40 GHz.
Hence, it is difficult to cover indoor spaces with mmWave nodes that are deployed outdoors. For indoor
users connecting with outdoor base stations (BSs), the signals have to go through the building walls. This
propagation could suffer a very high penetration loss, which significantly degrades the data rate, spectral
efficiency, and energy efficiency. The higher the carrier frequency is, the worse the situation is. Therefore,
outdoor and indoor scenarios are expected to be separated in the future 5G cellular architecture.
6IV. CHANNEL MODELING IN MMWAVE BAND
To the best of the authors knowledge, mmWave signal has stronger reflectivity when interacting with
metal, glass, etc., and is more easily absorbed by air, rain, etc., compared with the signal at lower frequency
bands. Moreover, its diffraction ability is also lower than that in todays wireless networks. It is essential
to obtain the fundamental knowledge of the mmWave channel propagation characteristics for developing
5G wireless communication systems. Emerging mmWave technology will require new channel models
to facilitate the real system design in 5G. Generally, most channel modeling methods can be classified
into two main categories: analytical modeling and ray-tracing based modeling. The analytical modeling
can be expressed by a fixed set of parameters and ray-tracing based modeling relies on finding the signal
paths in the environment. The ray-tracing based method will be more suitable for mmWave since high
frequencies cause more reflection and less diffraction.
A. ANALYTICAL MODELING METHOD
Based on the data of measurements or statistical characteristics of the scenario, the corresponding
statistical parameters such as number of paths, root-mean-square (RMS) delay spread, path loss, and
shadowing of the propagation channel can be obtained and we refer to it as the analytical modeling
method. This method can be expressed by a fixed set of parameters without considering the details of the
environment. Hence, this may cause inaccuracy of the analysis result in an anisotropic radio environment.
B. RAY-TRACING METHOD
In mmWave wireless communication systems, directional antenna and beamforming techniques are
generally utilized to find the optimal path with minimum loss to reach the users and keep the interference
as low as possible. However, it is difficult to rapidly adapt to the main power paths when the environment
is changing. One promising solution is the ray-tracing method. Based on the prior knowledge of the
geometry of the surrounding and the transceiver in the given scenario, the ray-tracing method can be
used to identify the potential powerful transmission paths, and this will be helpful in dealing with the
7changing environment. In addition, in the scenario of massive MIMO, a ray-tracing based method can
also be used to obtain the channel characteristics of more complex scenarios with a larger number of
array elements of antennas, and this will be useful for the design of a real mmWave system in indoor or
outdoor environments in the foreseeable future.
V. SCENARIO OF MEASUREMENTS IN MMWAVE CHANNEL
In order to investigate the channel characteristics at mmWave frequency bands, an indoor massive
MIMO channel measurement campaign was conducted at 26 GHz. Three different large-scale array
topologies were considered. Based on the measurement data, the typical channel parameters are extracted
and analyzed.
A. MEASUREMENT SYSTEM
The channel sounder is developed with the support of a high-performance vector signal generator and
a broadband vector signal analyzer. Three different virtual array topologies, i.e. a 64-element linear array,
a 64-element planar array (8×8), and a 128-element planar array (8×16) were constituted with the help
of a three-dimensional (3D) mechanical positioner. The carrier frequency is set to be 26 GHz, and the
measurement bandwidth is 200 MHz. Both the Tx and Rx antennas are omnidirectional vertical polarized
antennas.
B. MEASUREMENT ENVIRONMENT
The channel measurement campaign for massive MIMO was conducted in a lecture hall in NO.9
Teaching Building, Beijing Jiaotong University, China, as shown in Figure 2. The lecture hall can
accommodate up to 300 people, which is considered to be a typical application scenario for 5G. The
transmitter (Tx) is placed on the stage of the hall, and the receiver (Rx) is located in the aisle between
the seats. The distance between the Tx and the Rx is around 5.0 m. The Tx antenna is mounted on the
adjustable shelf of the positioner, and the Rx antenna is fixed on the a pole. The height of the Tx and
8Rx antenna is 2.5 m and 2.0 m, respectively. The hall has a dimension of 20.1 m × 20.2 m × 4.5 m
(length × width × height). The grounds, walls, and ceiling are made of concrete, the seats are covered
with cloth, and the tables in front of the seats are made of wood. The surface of the stage is made with
wood and covered with cloth. On the walls at both sides of the hall, there are some widows and albums,
which are mainly made of glass. During the measurements, there were no people or any other obstacles
moving in the environment. Thus, the channels are considered to be quasi-static.
C. DATA PROCESSING
The sounder system recorded the in-phase and quadrature (I/Q) data during the measurements and
the channel impulse response (CIR) for each subchannel is calculated. The average power delay profile
(APDP) is obtained from the CIR. When calculating the typical channel parameters, such as RMS delay
spread, channel gain, and K factor, the data from the three arrays are combined as a whole. In addition,
the angular characteristics of the channel are investigated. The multipath components (MPCs) in the
environment are extracted by using the space-alternating generalized expectation maximization algorithm
(SAGE) [17].
VI. MEASUREMENT RESULTS AND ANALYSIS
A. APDP AND RMS DELAY SPREAD
The channel dispersion in the delay domain can be characterized by the RMS delay spread, which
is calculated based on the obtained APDP as follows [18], where τp denotes the p-th delay bin of the
corresponding APDP. Same with [19], where a threshold of 6 dB beyond the noise floor is set to remove
the noise component in the APDP. Figure 3 illustrates the APDPs along the 64-element linear array and
the cumulative distribution functions (CDFs) of the RMS delay spread in the measurements. It is found
that the RMS delay spread can fit well with a Lognormal distribution. At 26 GHz, the RMS delay spread
is generally less than 18 ns. This result is smaller than those at frequency below 6 GHz in [20].
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Fig. 2. Photos of measurement environment. (a) Locations of Tx and Rx. (b) Receiver and Rx antenna. (c) Walls of the lecture hall.
B. CHANNEL GAIN ANG K FACTOR
The channel gain and the K factor reflect the strength of the channel response and its ratio of the LOS
component and the NLOS component, respectively. The channel gain G and the K factor K can be both
obtained from the CIR. Figure 4 shows the CDFs of the channel gain and K factor. It can be seen that
both of these two parameters can fit well with Normal distributions and the K factor is mostly larger than
0 dB, since the LOS condition is held in our measurements.
C. SPATIAL NONSTATIONARITY
One of the important features of massive MIMO channels is the spatial non-stationarity, which has
already been observed in our preliminary work in the same environment [21]. We investigate this char-
acteristic in the angular domain at 26 GHz in this article, by using the SAGE algorithm. When dealing
with the data of 64-element linear array, a sliding window of 10 neighboring elements is used. Figure
5(a) shows the estimated azimuth of departure (AOD) of MPCs along the 64-element linear array, and
Figure 5(b) shows the estimated AOD and elevation of departure (EOD) for a 128-element planar array.
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Fig. 3. APDPs and calculated RMS delay spread. (a) APDPs along the 64-element linear array. (b) CDFs of RMS delay spread, together
with the Lognormal distribution fitting.
From Figure 5(a), it can be observed that some of the MPCs only are observable by parts of the array.
We refer to this phenomenon as the birth-death (BD) process of the MPCs in the array dimension. The
LOS component (i.e. the strongest MPC) can be clearly observed, and the power of the dominant MPCs
varies along the large-scale array. It should be noticed that the spatial non-stationarity of the channel can
be also observed in the delay domain, as shown in Figure 3(a).
D. SCATTERER IDENTIFICATION
We identify the scatterers by directly relating the SAGE estimates to the physical objects in the
measurement environment. It can be observed from Figure 5 that the NLOS components are generally
much weaker than the LOS component at 26 GHz. The LOS component, as marked by ➀ in Figure 5(a),
carries most of the transmitted power. The MPCs indicated by ➁ and ➃ are probably the reflections from
the seats near the both sides of the aisle. The MPCs indicated by ➂ and ➄ are probably the reflections
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Fig. 4. Calculated channel gain and global K factor. (a) CDFs of channel gain, together with the Normal distribution fitting. (b) CDFs of
global K factor, together with the Normal distribution fitting.
from the walls at both sides of the hall. For SAGE estimates for the 128-element planar array, the cluster
around −60◦ and 40◦ of AOD are created by the walls at both sides of the hall. In a wide angle range
around the LOS component, there are numbers of MPCs components, which are probably the reflections
from the seats near the both sides of the aisle. In addition, a few strong MPCs (i.e. around 50◦ and 70◦
of AOD) are observed; they are probably from the wooden tables in front of the seats.
VII. CONCLUSION
In this article, the fundamental characteristics of mmWave and two main channel modeling methods
are discussed. In addition, this article presents a comprehensive research on the indoor mmWave MIMO
channel. To start, the measurement system and environment for three different large-scale array topologies
are provided. After the measurement and data processing, analysis about the measurement results is
12
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Fig. 5. SAGE estimates. Each solid dot represents an MPC, and the dB-scaled power of the MPCs is represented by color. (a) Estimated
AOD of MPCs along the 64-element linear array. (b) Estimated AOD and EOD of the MPCs for the 128-element planar array.
presented including APDP, RMS delay spread, channel gain, K factor, spatial non-stationarity, and scatterer
identification.
To grasp the propagation and channel characteristics, measurement campaigns at different scenarios
need to be conducted. Our future work will continue to bring forward the measurements of massive
MIMO channel at a wide frequency band under different scenarios, such as subway station, theatre, urban
small cells, etc.
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